SUMMARY: Species richness of the shallow-water bivalves from the Scotia Arc islands was studied on the basis of new collections and by reviewing extant information. Seventy-three species are recognised from the entire area. South Georgia, the South Orkney Islands and the South Shetland Islands were similar in species richness to the Antarctic Weddell sector. New records for 51 bivalve species are provided and the presence of 18 undescribed species is reported. The faunistic similarity of the islands of the Scotia Arc to the Magellan region and the Antarctic Weddell sector is re-examined. These islands show a high similarity to the Antarctic Weddell sector (49 to 85%) and a low similarity to the Magellan region (12 to 32%). Evidence from bivalves clearly supports the placement of the Scotia Arc islands within the Antarctic region.
INTRODUCTION
Four archipelagos forming the Scotia Arc are located between the southernmost South American mainland and the Antarctica. According to their geological origin and history, two groups of islands are recognised: the first one comprises the old archipelagos originated as a consequence of the fragmentation process of the Gondwana supercontinent, 37 to 20 Ma (i.e. South Georgia, the South Orkney Islands and the South Shetland Islands); the second is a series of younger islands originated by volcanic processes that started about 1-10 million years ago: the South Sandwich archipelago (Dalziel and Elliot, 1971; Birkenmajer, 1984; Gambôa and Maldonado, 1991; Ramos, 1996; Udintsev et al., 2000) . The islands of the Scotia Arc provide an outstanding opportunity to study the origin and evolutionary radiation of their fauna, taking into account the ARNTZ, G.A. LOVRICH and S. THATJE (eds.) America and the Antarctica. Moreover, the study of the fauna from these islands could provide a basis for the understanding of the present faunistic similarities between South America and Antarctica, two continents linked during the Mesozoic and presently geographically separated and isolated by deep water and marine current systems (Dalziel and Elliot, 1971; Crame, 1999) .
Based on data from different invertebrate taxa, the Scotia Arc islands were usually included in the Antarctic region (e.g. De Broyer and Jazdzewski, 1993: Amphipoda; Mühlenhardt-Siegel, 1999: Cumacea; Gorny, 1999 : Decapoda) but also considered as a member of the Subantarctic region (e.g. Casteló, 1999: Isopoda) . A particular situation is found with South Georgia, which has been considered as related either to the Magellan (Linse, 1997: Mollusca) or the Antarctic regions (Carcelles, 1953: Mollusca) , as representing a transitional area between these regions (Linse et al., 2003: Mollusca; Schrödl, 1999 , 2003 , or as a distinctive biogeographic unit (Linse, 2002: Mollusca; Powell, 1951: Gastropoda; De Broyer and Jazdzewski, 1993: Amphipoda) . Canteras and Arnaud (1985) argued for faunistic affinities of South Georgia with the Kerguelen Islands and Crozet Islands. The sets of data analysed by several authors were heterogeneous; furthermore, the available information on species diversity and their geographical distribution is still fragmentary and in many cases needs revision before it can be included in a biogeographic analysis. Both of these facts seem to be the origin of discrepant interpretations.
Knowledge on the species richness of bivalves from the Scotia Arc islands is fragmentary. The most important contributions for the area were provided by the Discovery, Discovery II and William Scoresby expeditions (Dell, 1964 and . Relevant studies on the fauna from South Georgia were provided by Martens (1885) and Martens and Pfeffer (1886) . Dall (1914) , David (1934) , Soot-Ryen (1951) and Carcelles (1953) provided new localities for some species within the archipelago, and Zelaya and Ituarte (2002, 2003) described three new species from these islands. The fauna of the South Orkney Islands was studied by the Scottish National Antarctic Expedition (Melvill and Standen, 1907) , from the R/V "Polarstern" and R/V "Walther Herwig" cruises (Mühlenhardt-Siegel, 1989) . Preston (1916) , Soot-Ryen (1951) , Arnaud et al. (1986) , Mühlen-hardt-Siegel (1989) , Arnaud et al. (2001), and Narchi et al. (2002) contributed to the knowledge of the fauna from the South Shetland Islands. Carcelles (1953) and Powell (1960) provided checklists of the Antarctic bivalves (including the Scotia Arc islands), but subsequent studies conducted in Antarctic waters (Dell, 1964 (Dell, , 1990 Hain, 1990 ; this study) strongly suggest that the information contained in published lists needs to be revised. In this paper the species richness of the shallow water bivalves from the Scotia Arc islands was studied on the basis of recent collections and by reviewing extant information, in order to reanalyse the current biogeographic status of these islands and their relationships with the Magellan region and adjacent Antarctic waters.
MATERIAL AND METHODS

Sources of information
The main sources of information for this study were the bivalves collected by R/V "Polarstern" during the "Latin American Polarstern Study" (ANT XXI-5, LAMPOS) in 2002. Sampling took place at 17 sampling stations along the Scotia Sea (for details on stations see Arntz and Brey, 2003) . Additional information came from 30 sampling stations off South Georgia worked on the R/V "Eduardo L. Holmberg" during the 1995, 1996, 1997 cruises, and 20 sampling stations in Patagonia (Beagle Channel, Straits of Magellan and east of Tierra del Fuego) visited by the A.R.A. "Alférez Sobral". Other sources of information were molluscs from the following museum collections: Museo de La Plata, La Plata (MLP), Museo Argentino de Ciencias Naturales "Bernardino Rivadavia", Buenos Aires (MACN) and Museo Nacional de Historia Natural, Santiago, Chile (MNHN). Moreover, published information on bivalves from all these areas, as well as that from the Antarctic Weddell sector, was critically reviewed and added to the present analysis.
Terminology
Throughout this article, the term "Scotia Arc islands" is used to refer to the Scotia Sea archipelagos, i.e. South Georgia, the South Sandwich Islands, the South Orkney Islands and South Shetland Islands. "Antarctic Weddell sector" comprises the Antarctic Peninsula and the Weddell Sea. "Patagonia" is used to refer to the southern tip of South (Cooper and Preston, 1910) X X Neolepton concentricum (Preston, 1912) X 1 * Neolepton falklandicum Dell, 1964 X This study was restricted to the bivalve faunas from shelf waters. In the case of the South Sandwich Islands (where a shelf does not exist) the 600 m isobath was considered as the depth limit. Those species characteristic of Argentine and Peruvian Provinces that occasionally reach the northern limit of the Magellan region were not considered in this study.
The high level classification of bivalves follows Coan et al. (2000) . "Endemics" refers to species only known from one of the archipelagos or any of the above mentioned areas (e.g. Patagonia or the Antarctic Weddell sector), which are mentioned in each particular case.
Analysis of similarity
Degrees of faunistic affinity among the areas were evaluated by using the Simpson similarity coefficient (SI). This coefficient moderates the bias caused by different sampling efforts (Cheetham and Hazel, 1969) . The percentage of similarity, referred to as "similarity" in the text, was determined as SI x 100. Table 1 lists the 170 species recognised as present in the study area and shows their geographic distribution. Specimens of 147 species were examined during this study, 18 of which are still undescribed. In addition, another 23 species known from literature records were regarded to be distinct species with a reasonable certainty. Seventy-three of the 170 listed species were present in the Scotia Arc islands, while the remaining 97 species only occurred in Patagonia, Islas Malvinas/Falkland Islands or the Antarctic Weddell sector. The South Georgia, South Orkney and South Shetland islands accounted for a similar number of species (49, 43 and 42 species respectively), a species richness sim- The South Sandwich Islands showed a high faunistic similarity to the South Shetland Islands (88%) and a lower similarity to the South Orkney Islands (80%) and South Georgia (68%) ( Table 2) . South Georgia showed a moderately high similarity to the South Orkney Islands (67%) and the South Shetland Islands (51%). Similarity values between the South Orkney Islands and the South Shetland Islands were high (81%) ( Table 2) . Comparisons made between each component of the Scotia Arc islands and the remaining areas showed high similarity to the Antarctic Weddell sector (49 to 85%, depending on the archipelago) and low similarity to Patagonia and the Islas Malvinas/Falkland Islands (12 to 29%) ( Table 2) .
RESULTS
Of the 73 species from the Scotia Arc islands, 26 (36%) were endemic to the Scotia Sea, 28 were shared with the Antarctic Weddell sector and 11 were shared with Patagonia or the Islas Malvinas/Falkland Islands; the remaining 8 species were widespread, and present in the Scotia Arc islands, the Islas Malvinas/Falkland Islands, Patagonia and the Antarctic Weddell sector. The contribution of the "endemic" species to the total species number of each archipelago was: Islas Malvinas/Falkland Islands, 12 species (18%); South Georgia, 14 species (29%); South Sandwich Islands, 2 species (8%); South Orkney Islands, 2 species (7%); and South Shetland Islands, 0 species. At a larger regional scale, Patagonia showed 43 species (446% of the total) that were not found in the Scotia Arc islands or the Antarctic Weddell sector, and the Antarctic Weddell sector contributed 4 species (10%) that were not found in the Scotia Arc islands or Patagonia.
A genus-level analysis showed that the generic richness in South Georgia (35 genera) was greatest among the Scotia Arc islands and the Antarctic Weddell sector (Table 3) . However, this diversity is smaller than values from Patagonia (61 genera) and the Islas Malvinas/Falkland Islands (46 genera).
Of the 73 genera recognised in this study, 33 occurred only in Patagonia and the Islas Malvinas/Falkland Islands; 5 genera were present only in Patagonia, the Islas Malvinas/Falkland Islands and South Georgia, and a further 5 genera also extended to other islands of the Scotia Arc. Eight genera were shared only by the Scotia Arc islands and the Antarctic Weddell sector and one genus (Ptychocardia) was found only in the Antarctic Weddell sector (Table 3 ). The remaining 21 genera were widely spread and represented in the Scotia Arc islands, the Antarctic Weddell sector and Patagonia. No endemic genera were found for the Scotia Arc islands.
The genus Philobrya accounted for the largest number of species (13), followed by Neolepton (9), Cyclopecten (9), Yoldiella (7) and Thyasira (7) . Limopsis and Kellia were represented by six and five species each, and the remaining genera by a lower number of species, usually one or two.
DISCUSSION
The present study revealed the existence of a widely diversified bivalve fauna in the Scotia Arc islands and adjacent waters, reporting 18 still undescribed species and providing new records for 51 species. The total number of species reported in this study for the Scotia Arc islands (73) is higher than the numbers previously reported by Carcelles (1953) and Powell (1960) for the same area (45 and 35 species respectively). This difference clearly reflects the increase in the knowledge of bivalve diversity in the last 40 years. The same occurs in the Weddell Sea, where several recent specific studies also resulted in a considerable increase in the total number of species for the area. Conversely, the number of species reported here for the Magellan region 
Total number of genera 61  46  35  21  30  29  29 was lower than those listed by Carcelles (1950) , Carcelles and Williamson (1951) and Linse (1999) , who included several names which are actually synonymous or have been erroneously reported for the area (Zelaya, unpubl. inf.) . The list of species given by Linse (1999) also includes deep-water species, which are not the focus of the present paper. The values of faunistic similarity among components of the Scotia Arc islands ranged from 57 to 88%, accounting for a relatively homogeneous species composition of the bivalve fauna. The highest similarity values were found among components of the southern branch of the Scotia Arc, i.e. in the couples South Sandwich-South Orkneys, South Sandwich-South Shetland and South OrkneysSouth Shetlands. The lowest similarity was found when comparing the northern and southern branches of the Scotia Arc (i.e. the couples South Georgia -South Shetland Islands and South Georgia -South Orkney Islands). Although species richness was similar in these archipelagos, the composition of their assemblages was found to be somewhat different. This fact originates from the high number of endemic species occurring in South Georgia (14 species, 29% of the total). Moreover, South Georgia has a greater number of Magellanic components than the South Orkney and South Shetland islands, whose faunas are of predominantly Antarctic origin.
The biogeographic position of South Georgia has been the focus of controversial opinions. Based on evidence coming from different invertebrate taxa, authors have proposed its placement either in the Antarctic or Magellan regions (Arnaud, 1964; Clarke, 1996; Hasting, 1943; Hedgpeth, 1969; Linse, 1997; Winkler, 1994; Zelaya, 2000) . South Georgia bivalve assemblages included representatives from both the Magellan and Antarctic faunas. A similar mixed origin was previously reported for other invertebrate groups, such as Cumacea (Müh-lenhardt-Siegel, 1999) , Sipuncula (Saiz-Salinas and Pagola-Carte, 1999) and Nudibranchia (Schrödl, 1999) . This led researchers to consider the biogeographic position of South Georgia as transitional between the Magellan and Antarctic regions. This fact might be related to the convergence in the area of two water masses of different origins: the Weddell Gyre and the West Wind Drift. However, for bivalves it is important to note that the similarity between South Georgia-and other Scotia Arc islands-and the Antarctic Weddell sector were high, ranging from 49 to 88%. Conversely, the similarity found between the Scotia Arc islands and Patagonia and the Islas Malvinas/Falkland Islands were low (12 to 32%). Hence, South Georgia and the other Scotia Arc islands appear to be a group that is well differentiated from the Magellan region, justifying their biogeographic placement within the Antarctic region as far as bivalves are concerned.
Based on the biogeographic scheme assumed above and analysing the geographic distribution of the 170 species listed in Table 1 , 93 species (54%) were present in the Magellan region and not in the Antarctic region, 57 species (34%) were present in the Antarctic region and not in the Magellan region, and only 20 of the total of 170 species (12%) were present in both areas. The same analysis at genus level revealed 33 Magellan genera and 7 Antarctic genera.
The differences in the composition of bivalve assemblages reported here for the Magellan and Antarctic regions can be related to the geological history of these areas, which started to separate in the Oligocene (37-23 Ma.) and suffered an intense latitudinal zonation of the shallow-water fauna no later than the Miocene (10-12 Ma) (Crame, 1999) . At this time, according to Crame (1999) , the development of the Polar Frontal Zone, "one of the strongest natural boundaries in the world ocean", induced some profound biological changes along its course by producing significant vicariant evolutionary processes. Carcelles (1953) suggested that the deep waters of the Drake Passage could also be responsible for differences presently found between the Magellan and Antarctic faunas.
Within this historical scheme, the South Sandwich Islands, an archipelago of volcanic origin, is the youngest among the Scotia Arc islands (1-10 Ma., Ramos, 1996; Udintsev et al., 2000) . This fact, together with the great distance from both South America and the Antarctic, could also explain their low species and genera richness. However, it is important to note that the low species and genera richness in the South Sandwich Islands could also originate from the paucity of studies conducted in the archipelago. Furthermore, sampling during the LAMPOS cruise showed that the volcanic bottoms around the South Sandwich Islands, consisting mostly of pumice and lava, may not be an ideal substrate for bivalve molluscs. Also, the values of similarity reported here for South Sandwich are likely to overestimate the actual affinities.
The effects of the West Wind Drift together with the Weddell Gyre might explain the high similarities found between the Scotia Arc islands and the Antarctic Weddell sector. Algal rafting represents an effective dispersal mechanism for species living on algae (e. g. Gaimardia trapesina and some species of Philobrya), which distribute eastward following the West Wind Drift. Additionally, transport by fishes has been reported as a dispersal mechanism: Rochefortia charcoti, withstanding passage through the digestive tract of fishes, is passively dispersed in Antarctic environments (Domaneschi et al., 2002) . Above all, the West Wind Drift could be potentially contributing to the distribution of species having a planktonic larval stage, a condition so far only reported for a few Antarctic bivalves (e.g. Pearse et al., 1991) , but inferred from protoconch morphology for a few other species (Hain and Arnaud, 1992) . Some cases such as Limatula hodgsoni are controversial, having been reported as planktotrophic (Pearse et al., 1991) or lecithotrophic with demersal development (Linse and Page, 2003) .
Although the molluscan fauna from the Scotia Arc Islands has been studied since the 19 th century, new species of bivalves have recently been described (e.g. Zelaya and Ituarte, 2002, 2003) and several undescribed species have been reported for the area (present study). This, together with the fact that several species are difficult to recognise from their original descriptions and that a significant number of species were not collected again after those descriptions, reveal the need to undertake new and revisive work on the bivalve fauna from the Scotia Arc islands, in order to improve our knowledge of the Antarctic molluscan fauna.
